Polyion complex (PIC) micelles are expected to be used as nanocarrier for drug delivery. The PIC micelles formed by cationic anti-cancer drug, doxorubicin (DOX) and poly(ethylene glycol)-block-poly(4-vinylbenzylphosphonate) (PEG-b-PVBP) (DOX@PNP) was prepared with different pH conditions and composition ratio of the mixture. DOX and PEG-b-PVBP were spontaneously self-assembled in aqueous solutions into nanoparticles with average size of 45-55 nm over the entire range of the compositions of the mixtures including stoichiometric electroneutral complexes. The DOX@PNP described here would be promising nanocarrier for anti-cancer drug delivery.
Introduction
Self-assemble property of amphiphilic block copolymers induces formation of polymeric micelles. These polymeric micelles based nanocarrier has been developed for the use in the effective cancer chemotherapy [1] [2] [3] . Furthermore, block copolymer assemblies on the basis of electrostatic interactions is also developed. Block copolymers containing ionic and non-ionic water-soluble segments, block ionomers can self-assemble upon interaction with oppositely charged species resulting in the formation of polyion complex (PIC) micelles [4] [5] [6] . These PIC micelles can incorporate not only oppositely charged polymers [5] , but also low molecular mass drugs [6] , polynucleotides [7] , proteins [8] , and imaging agents [9] . These polymeric micelles show preferential accumulation and delivery of drugs and other species to tumor site in the body, due to extended blood circulation and ability to circumvent renal excretion, known as the "enhanced permeability and retention (EPR) effect" [10] . However, disintegration of self-assembled polymeric micelles after their dilution in biological environment is a major drawback for their application in vivo because it can result in premature drug release. Most of the polymeric micelles formed by only hydrophobic or electrostatic interactions cannot avoid this serious problem.
In order to solve this problem, we have designed and developed a novel drug-loaded PIC micelles formed by cationic anticancer drug, doxorubicin (DOX) and our original block copolymer, PEG-b-poly-(4-vinylbenzylphosphonate) (PEGb-PVBP) (DOX@PNP) [11, 12] . Phosphonate groups were introduced as a side chain of the hydrophobic segment of PEG-b-PVBP to introduce electrostatic interaction with cationic DOX (Scheme 1). The DOX@PNP possess high stability against dilution, changes in ionic strength and presence of serum proteins because of the DOX was incorporated in the core of the micelles via both hydrophobic and electrostatic interactions [11] . Furthermore, due to the protonation of the phosphonate groups of the PVBP chains (Scheme 1), the DOX@PNP shows pH-sensitive drug release at the lysosome mimicking an acidic pH [11] . Moreover, DOX@PNPs showed effective cytotoxicity against multi-drug resistance (MDR) cancer cells with different drug efflux mechanisms [12] . The DOX@PNP was taken up by cells via the endocytic pathway and showed pH-sensitive drug release. Therefore, the DOX@PNP effectively bypassed the efflux mechanism and reached the nuclei of MDR cancer cells.
Evaluation of the preparation pH values is one of the most important factors for PIC formation. Therefore, in this study, we explore the complex formation between DOX and PEG-b-PVBP with different pH conditions and compositions of the mixture. Furthermore, intracellular drug delivery of DOX@PNP was also observed by confocal laser scanning microscopy (CLSM) imaging.
Experimental

Materials
PEG-b-PVBP block copolymer was synthesized as described in our previous report [13] . The repeating units for the PEG and PVBP blocks were 113 and 20, respectively. Methanol was purchased from Kanto Chemicals (Tokyo, Japan). Doxorubicin hydrochloride (DOX) was purchased from Wako Pure Chemical Industries (Osaka, Japan). Hoechst 33342 was purchased from Dojindo Laboratories (Kumamoto, Japan). Lysotracker Green DND26 was purchased from Molecular Probes (Eugene, OR, USA). Dulbecco's Modified Eagle's Medium (DMEM) was purchased from Sigma-Aldrich (St Louis, MO, USA). All chemicals were used without further purification.
Preparation of DOX@PNPs
Preparation and evaluation of DOX@PNPs was conducted by the similar method of our previews report [11, 12] . Briefly, 0.2 mL of PEG-b-PVBP solution (22 mM) in methanol was added to aqueous solution of DOX (3.45 mM), and final volume of the mixture was adjusted to 2.4 mL with water. The composition of the mixture was expressed as the molar ratio of the DOX concentration to the concentration of VBP units, r
After the methanol was removed by evaporation, the unbound DOX was removed by ultrafiltration by using Amicon Ultra-4 centrifugal filter devices (MWCO 10 000 Da, Millipore) pretreated with DOX. The hydrodynamic diameter and polydispersity index (PDI) of DOX@PNP were evaluated by dynamic light scattering (DLS) (ZetasizerNano, Malvern, U.K.). The ¶-potential of DOX@PNP was measured by means of a ¶-potential analyzer (ZetasizerNano, Malvern, U.K.). Scheme 1. Schematic illustration of the concept of pH-sensitive DOX release from the DOX@PNP.
Cell culture and confocal microscopy imaging of live cells
Human epidermoid KB carcinoma KB-3-1 cells were cultured in DMEM containing 10% fetal bovine serum (FBS) and 1% streptomycin at 37 °C in a humidified 5% CO 2 atmosphere. The cellular uptake of DOX@PNP was characterized by CLSM using a Carl Zeiss LSM 700 confocal microscope (Peabody, MA). Cells were plated in live cell chambers and after 24 h (37 °C, 5% CO 2 ) exposed to DOX@PNPs for 0.5-12 h. Following this, the cells were incubated with Lysotracker Green DND26, a marker of late endosomes and lysosomes, and Hoechst 33342, a marker of nuclei, for 10 min. The concentration of DOX in the medium was 10 μg mL −1 . Finally, the cells were washed 3 times with PBS and kept in complete media for CLMS imaging.
Results and Discussion
The DOX@PNP was prepared by mixing the methanol solution of PEG-b-PVBP and the aqueous solution of DOX at different pH conditions and the compositions of the mixture. From these results, notably, no precipitation in DOX@PNP solutions was observed over the entire range of the prepared compositions of the mixture. This result suggests that the DOX and PEG-b-PVBP formed the complexes at pH 5.0 and 7.0. However, at the pH 8.0, because of the strong negative charge of PVBP segment, the charge reached saturation at about 0 mV at r = 1.0. Figure  1 (b) and (c) shows the average particle size and PDI of DOX@PNP at various pH and compositions of the mixture, respectively. In all cases, average particle size and PDI of DOX@PNP remained practically constant (ca. 45-55 nm and 0.25-0.30, respectively) upon variations of the composition of the mixture (0.1drd1.0) and pH from 5.0 to 8.0 (Figure 1(b) and (c) ). From these results, the average particle size and PDI of the DOX@PNP was not affected by variation in pH and compositions. Although the results of the ¶-potential measurements for DOX@PNP showed significant differences between different pH conditions at r < 1, average particle size and its distribution of DOX@PNP were practically constant. This is probably due to that the core of DOX@PNP was stabilized by both electrostatic and hydrophobic interactions [11] . Therefore, DOX and PEG-b-PVBP formed complexes with almost same particle size at the different pH conditions. At r e 0.5, ¶-potential value of DOX@PNPs prepared at pH = 5.0 and 7.0 were around 0 mV (Figure 1(a) ). Thus, we have focused on r = 0.5 for further characterizations. Cellular uptake of the DOX@PNP in KB3-1 cells was characterized by CLMS imaging ( Figure  2) . From this result, the DOX@PNP in KB3-1 cells was found to be initially localized within the late endosomes or lysosomes. This was confirmed by co-localization of late endosomes or lysosomes and DOX at 0.5 h of incubation. After that, gradual spread of DOX into the cytosol was confirmed at 12 h of incubation. These results indicate that the DOX@PNP was taken up by cells via the endocytosis and transported into the endosomal and/or lysosomal compartments. Further detail of cellular uptake studies will be described in elsewhere [12] .
Conclusions
PIC micelles formed by DOX and PEG-b-PVBP, DOX@PNP was successfully prepared with different pH conditions and compositions of the mixture. Although the charge of DOX@PNP showed significant differences between different pH conditions, average particle size of DOX@PNP were practically constant. Because of PEG-b-PVBP possess hydrophobic styrene moieties, the DOX@PNPs were stabilized by not only electrostatic but also by hydrophobic interactions. Therefore, obtained DOX@PNP shows almost same particle size at the different pH conditions. Furthermore, CLMS imaging result indicated that the DOX@PNP was taken up by cells via the endocytosis and deliver the DOX into the nuclei of the cells. Therefore, the obtained DOX@PNPs can be used for nanocarriers for effective anti-cancer drug delivery.
